1. Introduction {#sec1}
===============

Advancement in drug discovery has led to the development of a variety of compounds with enhanced efficacy and therapeutic potential. However, such promising drug molecules often suffers poor oral bioavailability due to low aqueous solubility. This serves as a major obstacle to pharmaceutical industries in the attempt to bring such therapeutics to market. Thus, the discovery of such drug molecules ought to be complemented with the development of novel and intelligent drug delivery systems which is able to deliver the therapeutics with enhanced bioavailability in order meet the drug\'s therapeutic window of efficacy. The solubility and dissolution rate of the drugs are two main factors that govern the absorption rate of the drug products in the gastrointestinal fluids \[[@bib1], [@bib2]\].

In order to increase their solubility and bioavailability in the gastrointestinal fluids, several approaches have been used to improve the bioavailability of poorly soluble drugs. These include the use of an ionic liquid (IL) formulation of active pharmaceutical ingredients (APIs) \[[@bib3]\], salt formation \[[@bib4]\] prodrug synthesis \[[@bib5]\], solid dispersion \[[@bib6]\] and lipid-based drug delivery systems \[[@bib7]\].

In recent years, there has been an impetus on using lipid-based formulations to improve oral bioavailability of lipophilic drugs \[[@bib8]\]. Some of these lipid-based formulations include self-dispersing formulations such as self-emulsifying, self-micro/nano-emulsifying drug delivery system (SMEDDS/SNEDDS). These systems offer an elegant approach for the delivery of poorly water-soluble drugs due to their self-emulsifying behavior. In addition, the small droplet sizes that is formed upon dispersion has been shown to improve drug absorption from the intestinal tracts \[[@bib9], [@bib10]\].

Besides that, nanotechnology offers various approaches in the area of dissolution enhancement of poorly water-soluble drugs \[[@bib11]\]. By combining the concept of nanotechnology along with the principle of lipid-based formulation, nanoemulsion has emerged as a drug delivery strategy to enhance the oral bioavailability of poorly water soluble drugs \[[@bib12], [@bib13], [@bib14]\].

Nanoemulsion is a heterogeneous system that consists of an oil phase dispersed in aqueous medium which is stabilised by surfactants \[[@bib14], [@bib15]\]. Unlike conventional colloidal system, nanoemulsion displays much smaller droplet diameter of about 20--200 nm. The small droplet size confers larger colloidal surface area that promote solubility and dissolution rate which ultimately translate to enhance mucosal permeability across the intestinal tracts \[[@bib16], [@bib17], [@bib18]\]. Besides that, nanoemulsions circumvents issues such flocculation and coalescence during long-term storage because the nanometer-sized droplets are more kinetically stable relative to conventional emulsion systems \[[@bib19], [@bib20], [@bib21]\]. Construction of pseudoternary phase diagram is a critical step in the development of such lipid-based formulation. This system will self-disperse itself as a thermodynamically stable nano drug carrier within the gastrointestinal (GI) lumen \[[@bib12]\]. In addition, such ternary phase diagrams provide precise and accurate data of the various composition of the components needed to produce a nanoemulsion.

Ibuprofen, a phenyl propionic acid derivative, plays a significant role in the treatment of rheumatoid arthritis, osteoarthritis and related conditions \[[@bib22], [@bib23]\]. This molecule has been chosen as model dug in this study. This is because ibuprofen suffers poor solubility and gastrointestinal absorption upon oral administration \[[@bib24], [@bib25]\]. Thus, it is postulated that nanoemulsion may serve as a promising drug delivery strategy to improve the oral absorption \[[@bib26]\]. Currently, ibuprofen is commercially available in the market as tablets, gel and oral suspensions \[[@bib27], [@bib28]\].

In this study, we investigate the ability of nanoemulsion system in improving the solubility and oral bioavailability of ibuprofen. A pseudoternary phase diagram was constructed in order to assess and identify a nanoemulsion region from oil (olive oil), surfactant (glycerol) and different sucrose esters (co-surfactant). Upon identifying such nanoemulsion region, the colloidal system was then developed as a carrier system for ibuprofen. The selected nanoemulsion (NE) region was characterised by measuring droplet size, polydispersity index, zeta potential and morphology. In addition, *in vitro* and *in vivo* intestinal study were conducted to evaluate the ability of ibuprofen loaded nanoemulsion in enhancing the oral bioavailability of the drug upon administration.

2. Materials and methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

Ibuprofen \[2-(4-isobutylphenyl)-propionic acid\] was purchased from Sigma-Aldrich (UK). HPLC grade acetonitrile and orthophosphoric acid were obtained from Merck (Darmstadt, Germany). Distilled water was purified before use with ELGA Water Purification System R15 supplied with pump and tank (Elga Water System, UK). Olive oil, glycerol, propyl paraben and methyl paraben were supplied by Zulat Pharmacy (Malaysia). Sucrose Ester (SE) Laurate (L-1695), SE Oleate (O-1570) and SE Palmitate (P-1570) were obtained from Ryoto Mitsubishi-Kagaku (Japan). All other chemicals and solvents were of analytical grade.

2.2. Formulation development {#sec2.2}
----------------------------

### 2.2.1. Preparation of nanoemulsion {#sec2.2.1}

A series of nanoemulsion formulation was prepared by D-phase emulsification method to produce concentrated emulsion as previously reported \[[@bib29]\]. The concentrated nanoemulsion which also known as nanophase gel (NPG) was initially formed during the emulsification process. The composition of NPG formulations (A-E) could be observed in [Table 1](#tbl1){ref-type="table"}. SE was dissolved in glycerol with gentle agitation at 65 °C. Meanwhile, olive oil was heated up to 65 °C. This was followed by adding the oil phase gradually into the surfactant phase at a similar temperature by gentle stirring. This process was carried out until the mixture eventually becomes a gel-like consistency. The produced NPG was stored in a glass container at 4 °C. All experiments were carried out at room temperature (25 °C).Table 1Composition of nanophase gel (NPG) formulations (%). The NPG were formulated from olive oil as the oil phase, sucrose ester (SE) laurate (L-1695) as a co-surfactant and glycerol as a surfactant.Table 1FormulationOil to surfactant ratioOlive oilSE L-1695GlycerolA3:160.020.020.0B4:160.015.025.0C5:160.012.028.0D6:160.010.030.0E7:160.08.631.4

Prior to the nanoemulsion preparation, NPG was weighed separately to obtain three different percentage; 10%, 20% and 30% (w/w) oil, respectively. All three different compositions of oil percentage were introduced into distilled water and mixed using Eurostar Digital IKA® WERKE at a speed of 200 rpm for 10 min. The altered composition of nanoemulsion formulations is shown in [Table 2](#tbl2){ref-type="table"}. The nanoemulsion were analysed using Mastersizer (Malvern Instrument, UK) which separate each nanoemulsion based on their mean droplet size distribution and uniformity.Table 2Composition of nanoemulsion formulations (%) upon diluting nanophase gel (NPG) in distilled water.Table 2FormulationNPGWater10%16.783.320%33.366.730%50.050.0

### 2.2.2. Pseudoternary phase diagram study {#sec2.2.2}

A series of formulated nanoemulsion was used to construct the pseudoternary phase diagram consisting of oil (olive oil), surfactant (glycerol) and non-ionic co-surfactant (sucrose esters). SE Laurate (L-1695), SE Oleate (O-1570) and SE Palmitate (P-1570) were used in order to study the effect of co-surfactant on the formulation. The pseudo-ternary phase diagram A comprised of olive oil, SE Laurate (L-1695) and glycerol, while pseudo-ternary phase diagram B consisted of olive oil, SE Oleate (O-1570) and glycerol and finally pseudo-ternary phase diagram C contained olive oil, SE Palmitate (P-1570) and glycerol.

The resulting mixture was evaluated based on the droplet size distribution and uniformity by using Mastersizer 2000 with Hydrosizer 2000MU module (Malvern Instruments, UK). The identification of the emulsion region in the phase region would be classified as nanoemulsion (NE) region (\<1 μm), microemulsion (ME) region (\>1 μm) and separation of emulsion (SE) region. Then, the optimum nanoemulsion formulations from the experiment were selected to be loaded with ibuprofen.

### 2.2.3. Ibuprofen loading at different percentages in nanoemulsion {#sec2.2.3}

Ibuprofen has been chosen as an active ingredient to be incorporated into selected nanoemulsion formulations at different concentrations (1.5% w/w, 3.0% w/w and 6.0% w/w). Ibuprofen was dissolved in olive oil and heated up to 65 °C before being loaded into nanoemulsion formulations. Ibuprofen nanoemulsion produced were further analysed using Zetasizer (Malvern Instrument, UK).

2.3. Characterisation study {#sec2.3}
---------------------------

### 2.3.1. Droplet size, polydispersity index (PDI) and zeta potential analysis {#sec2.3.1}

In a beaker, 250 μl of oil/surfactant mixture was introduced to 50 ml of distilled water under gentle agitation using a glass rod. The droplet size of the emulsions was analysed using photon correlation spectroscopy (PCS) (Mastersizer 2000MU, Malvern Instruments, UK) in pseudoternary phase diagram study. Following that, formulations that produce nanometer-range droplet size from the pseudoternary phase diagram (Formulation A, B, C, D, and E) were subsequently analysed for droplet size distribution and zeta potential analysis using Zetasizer Nano ZS (Malvern Instruments, UK).

### 2.3.2. Microscopic observation {#sec2.3.2}

Scanning electron microscopy (SEM) (FEI Quanta 450, Netherlands) was carried out to study the surface morphology and to determine the droplet size and the uniformity of nanoemulsion distribution. Ibuprofen nanoemulsion (1.5% w/w, 3.0% w/w and 6.0% w/w) and control (3% ibuprofen in olive oil) were separately spread on the sample holder and coated with gold under an argon atmosphere to a thickness of 6.5 mm. The samples were observed under SEM to examine the surface morphology and to determine the droplet size of nanoemulsions as well as the uniformity of droplet size distribution.

2.4. *In vitro* diffusion chamber method {#sec2.4}
----------------------------------------

The transport of ibuprofen nanoemulsion across the rat intestinal membrane was conducted using *in vitro* diffusion chamber method \[[@bib30]\]. This study was performed in accordance with the guidelines and approval from the animal ethics committee of Universiti Teknologi MARA (UiTM) (UiTM Care:53/2014). Male Sprague Dawley rats, weighing 230--250 g were anesthesized with a mixture of ketamil and xylazil (3:2), intraperitoneally (i.p.) after being fasted overnight. By doing a midline abdominal incision, the intestine was exposed and removed and then washed with phosphate buffered saline (PBS). The intestinal segment was isolated and cut open. The muscle layer on the external surface of the segment was stripped off and the intestinal sheets were then mounted to the pins of the diffusion chamber (Harvard Navicyte, Warner Instruments, USA).

The drug solution was added to the donor compartment and the same volume of buffer was added to the receiver site. 95% O~2~ and 5% CO~2~ gas was aerated in each chamber in order to mix each solution and also to maintain the viability of the membrane. Throughout the experiment, the temperature was maintained at 37 °C. A volume of 0.1 ml aliquot was taken from the receiver site at predetermined time intervals over 120 min. The aliquot was immediately replaced with an equal volume of buffer solution and then drugs were assayed. The apparent permeability coefficient was calculated using the following equation ([Eq. (1)](#fd1){ref-type="disp-formula"}):

Where P~app~ is referred as apparent permeability coefficient (cm/s), while the flux, F, is the slope of linear portion of cumulative transport amount to time at the steady state (pmol/ml). Area refers to the area of diffusion chamber for transport (fix value), 1.78 cm^2^, and C~0~ is the initial drug concentration (pmol/ml). In this instance, the best microemulsions and nanoemulsion identified from pseudoternary phase diagram study and characterisation study were evaluated. In addition, 3.0% w/w of ibuprofen in olive oil, an emulsion formed without the use of glycerol and sucrose ester surfactant is used as a control.

2.5. Transepithelial electrical resistance (TEER) study {#sec2.5}
-------------------------------------------------------

In order to elucidate if the ibuprofen nanoemulsion was transported paracellularly or transcellularly, a TEER study was conducted. The transepithelial electrical resistance (TEER) of cell monolayer was measured at room temperature using Multichannel Epithelial Voltage Clamps (Warner Instruments, USA) and the result obtained was corrected with the blank film resistance. Again, the microemulsions and nanoemulsion identified from pseudoternary phase diagram study and characterisation study were evaluated for its effect on transepithelial electrical resistance. In addition, 3.0% w/w of ibuprofen in olive oil, an emulsion formed without the use of glycerol and sucrose ester surfactant was used as a control in this experiment.

2.6. *In vivo* oral absorption study {#sec2.6}
------------------------------------

Male Sprague Dawley rats (weighing from 230 - 250 g) were obtained from Laboratory Animal Facility and Management (LAFAM), UiTM Puncak Alam. All animal experiments were performed according to guidelines of the Committee on Animal Research & Ethics (CARE) of Faculty of Pharmacy, Universiti Teknologi MARA (UiTM) (UiTM Care:43/2014).

The animals were fasted overnight, 12 h prior to the start of experiment with water ad libitum and prepared according to the method previously reported \[[@bib31]\]. The rats were randomized to be administered orally (30 mg/kg) with either nanoemulsion, microemulsion and control formulation, respectively. In this instance, 3.0% w/w of ibuprofen in olive oil, an emulsion formed without the use of glycerol and sucrose ester surfactant was used as a control. Then, rats were anesthetized with ketamine: xylazine; ratio of 2:1. Blood samples (0.25 ml) were collected from the jugular vein using heparinized syringes at predetermined time intervals of 0, 0.25, 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0 and 6.0 h. Plasma samples were treated with DA prior to UPLC (Waters, USA) analysis.

The ibuprofen concentration in plasma was measured using UPLC method. Prior to the analysis, 100 μl of plasma samples were treated with 200 μl of acetonitrile with propanol (1:1) and vortexed for 1 min. The samples were then centrifuged at 10,000 rpm for 10 min. 50 μl of the supernatant was filtered and injected into the UPLC system.

The chromatographic conditions applied in this study were adapted and modified from previous study by Abdullah *et al* \[[@bib32]\] in order to acquire the specific and sensitive analytical methods. The filtered and degassed mobile phase comprised a mixture of acetonitrile and water adjusted to pH 2.5 with concentrated orthophosphoric acid at ratios of 70:30. The UPLC eluting conditions were performed by isocratic elution at a flow rate of 0.5 ml/min and detected by UV-Vis detector at a wavelength of 223 nm.

3. Results and discussion {#sec3}
=========================

3.1. Pseudoternary phase diagram study {#sec3.1}
--------------------------------------

Emulsification involves the mixing of oil and water to form a two-phase system that is stabilised by a surfactant \[[@bib33]\] as well as to promote particle size reduction \[[@bib13]\]. The oil phase consists of non-polar and hydrophobic molecules that contains hydrocarbons, natural triglycerides and other derivatives \[[@bib34]\] while the aqueous phase consists of electrolytes and other solutes dissolved water. In this study, pseudoternary phase diagrams were developed without the addition of ibuprofen in order to obtain precise concentration range of the components that give rise to regions of nanoemulsion. Three phase diagrams were constructed by pairing the three different surfactants as shown in [Figure 1](#fig1){ref-type="fig"}(A-C).Figure 1(A--C) The pseudoternary phase diagram of oil, co-surfactant and three different surfactants: System A (olive oil, glycerol and SE laurate, L-1695), System B (olive oil, glycerol and SE oleate, O-1570) and System C (olive oil, glycerol and SE palmitate, P-1570).Figure 1

These pseudoternary phase diagrams show different areas that correspond to different types of emulsions such as nanoemulsion (NE), microemulsion (ME) and separated emulsion (SE). It could be observed that System A that utilised SE laurate L-1695 has the largest region of NE formation compared to the other two systems which do not have any NE regions. System A formed a stable and broad region of NE due to the emulsification properties of SE Laurate \[[@bib14]\]. On the other hand, System B which involved the usage of SE Oleate 1570 shows moderate region of emulsification. This is because most of the series of formulations produced were in the ME region while pseudo ternary phase diagram C which comprised of SE Palmitate 1570 displayed poor emulsification properties evidenced by the presence of large ME and SE areas which were not stable after being left overnight. Based on the results, system A that uses SE Laurate 1695 as emulsifier have the best emulsification properties and formed a stable nanoemulsion system when compared with SE Oleate 1570 and SE Palmitate 1570.

In this study, different types of SEs were used to determine the effects of hydrophilic-lipophilic balance (HLB) values on the development of colloidal drug delivery systems. As the degree of sucrose esterification and fatty acid chain length increased, the HLB value of SE became decreased \[[@bib35]\]. SE Laurate 1695 that has a high HLB value of 16 and was able to produce a large region of NE with small droplet size distribution and uniformity. This is because SE Laurate has good droplets entrapment and stabilisation which is explained by the low amounts of di-, tri- and polylaurate content (20%), high amount of monolaurate content (80%) and short chain length of lauric acid. Meanwhile, system B and system C that uses SE Oleate 1570 (HLB:15) and SE Palmitate 1570 (HLB:15) respectively, could only produce ME region instead of NE region. These surfactants contain a lower monoesters composition of approximately 70%. Such finding is further corroborated by the study by Leong *et al* \[[@bib36]\] who discovered that preparation of phytosterol dispersions by using SE Laurate 1695 resulted in smaller particle size below than 100 nm compared to SE Palmitate 1570, SE Stearate 1570 and SE Oleate 1570, respectively. Hence, SE Laurate 1695 that displayed a high HLB value is selected as a suitable excipient to produce nanoemulsion formulations with small droplet size distribution and high stability.

3.2. Characterisation of nanoemulsion {#sec3.2}
-------------------------------------

### 3.2.1. Droplet size, polydispersity index (PDI) and zeta potential analysis {#sec3.2.1}

Initially, ibuprofen was added at several concentrations relative to the weight of formulation which was 1.5%, 3.0% and 6.0% (w/w). From our work, formulation containing 3% (w/w) ibuprofen resulted in the smallest mean droplet size with improved stability based on the droplet size, PDI and zeta potentials value relative to other concentration of ibuprofen nanoemulsion. However, when more than 6% (w/w) of ibuprofen was loaded into the nanoemulsion, the formulation undergoes phase separation between the oil and aqueous phase. The optimum composition of nanoemulsion for oral delivery of ibuprofen and the effects of the nanoemulsion formulations on the droplet size, polydispersity index and zeta potential are shown in [Table 3](#tbl3){ref-type="table"}.Table 3Compositions, droplet size, polydispersity index and zeta potential of the selected formulations. Results are expressed as the mean ± S.E of n ≥ 3 experiments.Table 3VehicleFormulations % (w/w)ABCDEIbuprofen3.03.03.03.03.0L-169520.015.012.010.08.6Glycerol20.025.028.030.031.4Olive oil57.057.057.057.057.0Mean droplet size (nm)318.0 ± 1.079232.1 ± 0.451243.0 ± 0.443266.9 ± 1.388372.0 ± 1.518PDI0.112 ± 0.0210.047 ± 0.0140.056 ± 0.0060.058 ± 0.0010.115 ± 0.016Zeta Potential (mV)-25.4 ± 0.423-31.7 ± 0.361-30.2 ± 0.173-29.7 ± 0.553-27.8 ± 0.890

In this investigation, Malvern Zetasizer was used in standard autosizer mode to measure emulsions with the droplets within submicron range. Formulation B, C and D showed small droplet size, low PDI and good zeta potential values which were more than -29 mV among the five formulations, with formulation B displaying the smallest mean droplet size. The PDI value varied depending upon the droplet distribution from the nanoemulsions. PDI is an indicator of broadness of molecular weight distribution \[[@bib15]\]. The PDI numerical value ranges from 0.0 (for a perfectly uniform particle size sample) to 1.0 (for a highly polydisperse sample). For drug loaded nanoparticles, values of 0.2 and below are generally deemed acceptable criteria in formulation development \[[@bib16]\]. Therefore, in this study, we managed to develop several ibuprofen nanoemulsions with low PDI values. In addition, Formulation B demonstrates the lowest PDI value (0.047 ± 0.014) which is smaller than 0.05 indicating high monodispersity \[[@bib16]\].

Zeta potential is also an important physicochemical characteristic of the formulations. Zeta potential measurements were used to determine the stability of colloidal systems. It has been shown that colloidal system displaying a zeta potential more than -30 mV shows good stability over time \[[@bib37], [@bib38]\]. As shown in [Table 1](#tbl1){ref-type="table"}, Formulation B loaded with 3% (w/w) ibuprofen represents the highest zeta potential value which was -31.7 mV. Hence, Formulation B loaded with 3% (w/w) ibuprofen was the most stable nanoemulsion formulation based on the droplet size, PDI and zeta potential value.

Nanoemulsions are isotropic dispersed systems that are thermodynamically unstable causing the systems to be susceptible to Oswald ripening. This may ultimately lead to unwanted instabilities such as creaming and flocculation. However, such limitation may be circumvented through the introduction of surfactants \[[@bib39]\]. In this study, we have identified that the addition of the surfactant, sucrose ester L-1695, resulted in the formation of a nanoemulsion system as shown in [Figure 1](#fig1){ref-type="fig"} and [Table 3](#tbl3){ref-type="table"}. The optimised nanoemulsion, formulation B also displayed enhanced stability in terms of particle size for up to 90 days when stored at 4 °C as shown in Figure S1. Such observations are in alignment with the findings from Xu *et al* \[[@bib40]\] reported that the use of surfactants such as soybean protein isolate, β-conglycinin and glycinin enhanced the stability of nanoemulsion systems for up to 45 days. However, in this study, we have demonstrated that the use of sucrose ester L-1695 resulted in the formation of a nanoemulsion system that was stable for up to 90 days when stored at 4 °C. Sucrose ester L-1695 is a non-ionic amphiphilic surfactant that consist of a sucrose moiety acting as the hydrophilic head and a fatty acid lipophilic tail. The surfactant resides at the oil-water interface with the fatty acid tail embedded in the oil phase while the sucrose head faces the aqueous phase providing a steric barrier against droplet coalescence leading to enhanced nanoemulsion stability \[[@bib41]\].

### 3.2.2. Morphological study using scanning electron microscopy (SEM) {#sec3.2.2}

SEM analysis was conducted in order to obtain information pertaining the structure, size and shape of the nanoemulsion droplets in comparison to the control formulation. Information detailing very small droplet size could not be obtain via light microscopy as it is beyond the detection limits of light microscopy (\<1 μm) necessitating the use of SEM. (a) 1.5 % w/w (b) 3.0 % w/w (c) 6.0% w/w and (d) control formulation containing 3% w/w ibuprofen in olive oil are shown in [Figure 2](#fig2){ref-type="fig"}.Figure 2Scanning electron microscope images of Formulation B which are nanoemulsion loaded with different ibuprofen concentration. 1.5 % w/w (a), 3.0 % w/w (b) and 6.0 % w/w (c). (d) is a control formulation which is an oil in water emulsion containing 3 % (w/w) ibuprofen, the oil phase consists of olive oil. All images were taken at x 80 000 magnification.Figure 2

The nanoemulsion droplets are spherical with diameters ranging between 200 to 300 nm. Spherical nanoemulsion were formed when ibuprofen was loaded at 1% (w/w) and 3% (w/w) concentrations. In addition, nanoemulsion loaded with 3% (w/w) ibuprofen showed the most uniform droplet distribution among all the formulations with comparable droplets size measurement as shown in [Table 3](#tbl3){ref-type="table"}. However, when the drug concentration was increased to 6% (w/w), the size distribution displayed larger and non-uniform droplet size. Vasconcelos *et al* reported that at low resveratrol drug loading (2% and 5% w/w), the group discovered that there was minimal impact of drug loading on nanoemulsion droplet size \[[@bib42]\]. However, such results contradict the more recent findings by Wik *et al* that reported an increment in size after loading hydrophobic drugs into nanoemulsion. Wik *et al* discovered that when hydrophobic drugs such as curcumin are loaded into nanoemulsion, they observed fused nanoemulsion globules that such suggest coalescence between nanoemulsion droplets are taking place during drug loading \[[@bib43]\].

Sucrose esters have been used in formulation science to produce microemulsions, nanoparticles and nanosuspension due to their excellent emulsification and stabilisation properties \[[@bib14]\]. However, the surfactant itself may solubilise poorly soluble drug through micellar solubilisation \[[@bib44]\]. It is postulated that when the drug loading was increased from 3% to 6 w/w, the addition of higher drug loading during the emulsification step may have caused some of the surfactant to directly interact with the ibuprofen molecules via micellar solubilisation. This resulted in less sucrose ester L-1695 available to stabilise the interphase of the newly formed nanoemulsion droplets via the *Gibbs-Marangoni* effect during the homogenisation step in D phase emulsification \[[@bib45]\]. The lack of surfactant at the interphase of the newly formed nanoemulsion may lead to some of the droplet to coalesce leading non-uniform droplet size distribution as shown in [Figure 2](#fig2){ref-type="fig"} (c).

However, the most non-uniform droplet distribution is shown in the control formulation in [Figure 2](#fig2){ref-type="fig"} (d) which was a standard oil in water emulsion. The standard oil in water emulsion displayed irregular shape with very distinct non uniform droplet size distribution. Such observation is attributed to the absence of any surfactant such as sucrose ester L-1695 needed to stabilise the newly formed emulsion droplets after the homogenisation step in D phase emulsification.

3.3. *In vitro* diffusion chamber {#sec3.3}
---------------------------------

An *ex vivo* model of gut permeation via the use of diffusion chamber lined with intestinal sheets was utilised to predict the degree of oral absorption and to elucidate the absorption mechanisms across rodent intestinal tissues as shown in [Table 4](#tbl4){ref-type="table"}. Three different sucrose esters were used as surfactant to determine the best surfactant to be used to formulate ibuprofen nanoemulsion. By using SE laurate as the surfactant, ibuprofen nanoemulsion (NE) was produced with an average particle size that is lower than 300 nm. SE oleate formed ibuprofen microemulsion (ME A) possesses an average particle size of 1μm when it was used in the formulation. Ibuprofen microemulsion (ME B), displayed an average particle size of 3 μm, when SE palmitate was used as the surfactant. In addition, 3.0% w/w of ibuprofen in olive oil, an emulsion formed without the use of glycerol and sucrose ester surfactant was used as a control in this experiment. The comparison of P~app~ between the emulsions can be observed as shown in [Table 4](#tbl4){ref-type="table"}.Table 4P~app~ of ibuprofen in the ileum and the enhancement ratio of the emulsion formulations when compared with control. Results are expressed as the mean ± S.E of at least 3 experiments. ∗P \< 0.01, ∗P \< 0.05, N.S. no significance different, compared with the control.Table 4FormulationIbuprofen concentration (w/w)Papp (x10^−6^ cm/s)Enhancement ratioControl3.0%1.3 ± 0.2-Ibuprofen nanoemulsion (NE)1.5%8.1 ± 1.9∗∗6.23.0%13.8 ± 2.2∗∗10.66.0%8.6 ± 0.5∗∗6.6Ibuprofen microemulsion A\
(ME A)1.5%3.9 ± 0.2∗∗3.03.0%6.9 ± 2.5∗∗5.36.0%5.4 ± 0.6∗∗4.2Ibuprofen microemulsion B\
(ME B)1.5%1.4 ± 0.1^N.S.^1.13.0%1.8 ± 0.2^N.S.^1.46.0%1.6 ± 0.1^N.S.^1.2

When SE L-1695 was used as the surfactant, 3.0 % w/w ibuprofen loaded nanoemulsion demonstrates the highest P~app~ value (13.8 × 10^−6^ cm/s) across the small intestine tissue. The P~app~ value of 3.0% w/w ibuprofen loaded microemulsion, ME A formulated SE O-1570 displayed a lower P~app~ value of 6.9 × 10^−6^ cm/s across the small intestine. The P~app~ value of 3.0% w/w ibuprofen ME B formulated using SE P-1570 displayed the lowest P~app~ value (1.76 × 10^−6^ cm/s). The values of P~app~ for nanoemulsion (NE) loaded with 3% (w/w) ibuprofen in the ileum were 10.6-fold higher than control values. Overall, the transport of ibuprofen NE across ileum was shown to be higher than the MEs and control as illustrated by the higher ibuprofen transported over 120 min.

An increase in drug concentration, from 1.5 to 3.0% w/w, was observed to lead to a higher penetration rate across the small intestine membrane. This was proven by the data obtained from laurate, oleate and palmitate, as 3.0% concentration of ibuprofen gave higher rates of P~app~ values compared to 1.5% concentration. On the other hand, should the drug concentration be too high, the droplet size would become too large leading to a decrease in the rate of ibuprofen transported as seen in all the formulations loaded with 6% w/w of ibuprofen.

It has been shown that particle size has a major influence on the efficiency of particle uptake within the intestinal tissue \[[@bib46]\]. The larger particle size in Ibuprofen ME B relative to ibuprofen ME A may provide a probable reason for the lower P~app~ value of ME B relative to ME A. As the particle size in a colloidal system increases, the rate Fickian diffusion of ibuprofen across the intestinal wall will also decrease leading to reduction in the rate of drug transport. This is because the effective diffusivity of particles in intestinal mucosa decreases with increasing particle size \[[@bib17]\]. A study by Yildiz *et al* reported that the permeation rate of carboxylate-modified particles increased as particle size decreased from 500 nm to 20nm \[[@bib17]\]. Histological evaluation of the tissue sections revealed that 100 nm particles were diffused across the submucosal layers while larger size microparticles were primarily localized in the epithelial lining of tissue \[[@bib46]\]. In general, smaller particles size would increase intestinal permeation regardless of using nanoemulsion or nanoparticles as drug delivery system \[[@bib18]\]. A recent study by Meirelles *et al* also corroborates our findings where benzopyran HP1, a compound isolated from Hypericum polyanthemum increased approximately 5.3 times after its incorporation in a nanoemulsions system as compared to solubilisation in cyclodextrin alone \[[@bib47]\]. It is apparent from the *in vitro* study that nanoemulsion provides an elegant approach to improve the delivery of drug molecules across the gut epithelium. In addition, it is also worth noting that nanoemulsion has also been reported to display improved shelf-life due to their small particle size conferring protection against flocculation, coalescence, aggregation and Ostwald ripening \[[@bib48]\].

3.4. Transepithelial electrical resistance (TEER) analysis {#sec3.4}
----------------------------------------------------------

In an attempt to elucidate the mechanism that is involved in enhancing the permeation of ibuprofen across the ileum, further experimental analysis was performed on the systems using TEER. TEER was used to assess the effect of drug presence on the intestinal barrier function as well as indicators of intercellular passage of the intestinal mucosa \[[@bib19]\]. Since the major route of ions occur paracellularly, TEER has been used for assessing the permeability of tight junctions \[[@bib20]\] and its association with an increase in paracellular permeability \[[@bib21]\].

All three formulations displayed lower TEER value than the control. According to [Figure 3](#fig3){ref-type="fig"}, ibuprofen NE with a concentration of 3.0% w/w had the lowest time-dependent decrease in TEER values leading to an increase in ibuprofen absorption as compared to microemulsions and oil solution. In a previous work by Asmar *et al*, a time-dependent decrease TEER is an indicator of tight junction disassembly \[[@bib49]\]. This is further supported by the work of Stuettgen *et al* who showed that the addition of phenylpiperazine (PPZ) and its derivatives induced concentration-dependent decreases in TEER leading to an increase paracellular uptake across the intestine \[[@bib21]\]. Therefore, by comparing our results, it is postulated that the enhancement in ibuprofen absorption across small intestine may involve the time-dependent dilation of tight junction between the epithelial cells leading to enhanced drug transport via the paracellular pathway \[[@bib50]\].Figure 3Effects of Ibuprofen formulations on the transepithelial electrical resistance (TEER) values of the ileum. Results are expressed as the mean ± S.E. (*n* = 3). NE, nanoemulsion; ME, microemulsion.Figure 3

Ibuprofen nanoemulsion may loosen the tight junction by reducing the expression of claudin-4, which is a major tight junction protein that imposes a control over the selectivity and permeability ions and small molecules \[[@bib50], [@bib51]\]. The loosening of the tight junction may be attributed to the presence of sucrose ester on the surface of the nanoemulsion droplet that actively interact with the ileum membrane leading to a reduction in TEER over time. Mechanistic study has shown that exposure of intestinal lining to sucrose ester leads to a reduction in claudin-1 and claudin 4 expression that results in loosening of tight junctions which culminates in enhanced paracellular transport \[[@bib52]\]. On the other hand, Kiss *et al* also demonstrated that sucrose esters decreased the resistance and impedance of the Caco-2 epithelial cell layers via enhanced fluidisation of Caco-2 plasma membrane. This enhanced fluidisation of the plasma membrane may lead to enhanced transcellular transport across the intestinal lining in addition to enhanced paracellular transport \[[@bib53]\].

In addition, it is also known that the tight junction strands are composed of proteins structures that are also sensitive to rapid changes within the luminal lipidic microenvironment \[[@bib54]\]. The resistance of the apical membrane along intestinal lining as measured via TEER, decreased most rapidly in the presence of ibuprofen nanoemulsion in comparison to microemulsion and standard emulsion (control) thereby promoting better absorption of ibuprofen across the intestinal membrane. Such observation is attributed to the smaller droplet size of the nanoemulsion leading to greater surface area of interaction between the nanoemulsion droplets and the intestinal lining relative to the other formulations \[[@bib55]\]. This leads to much more rapid changes within the luminal lipidic microenvironment near the membrane of the ileum as well as enhanced membrane fluidisation of the ileum and loosening of the tight junctions which culminate in rapid reduction in TEER in the nanoemulsion treated group.

3.5. *In vivo* oral absorption study {#sec3.5}
------------------------------------

Ibuprofen is mostly absorbed from the small intestine into the lymphatic vessel which then enters the systemic circulation \[[@bib56]\]. It has been shown that a smaller emulsion droplet size may lead to a higher ibuprofen drug transport as can be observed from our *in vitro* diffusion chamber study. Following this, we proceeded with an *in vivo* study to further evaluate ibuprofen nanoemulsion uptake in a rat model. In this study, emulsion using L-1695 forms a nanoemulsion system with nano droplet size range between 200 -- 250 nm. Meanwhile, SE O-1570 and P-1570 form an ibuprofen microemulsion, with a droplet size of 1 μm and 3 μm respectively. [Figure 4](#fig4){ref-type="fig"} displays the pharmacokinetic profiles of ibuprofen after oral administration in rats. The ibuprofen concentration in plasma of the four dosage forms increased rapidly within one hour after oral administration before being eliminated. [Table 5](#tbl5){ref-type="table"} highlights the pharmacokinetic parameters (Cmax, Tmax, T~1/2~ and AUC) of ibuprofen after oral administration.Figure 4Plasma concentration of ibuprofen versus time following oral administration of ibuprofen (30 mg/kg) in rats. The results are expressed as the mean ± S.D (*n* = 5). NE, nanoemulsion; ME, microemulsion.Figure 4Table 5Pharmacokinetic parameters of ibuprofen (30 mg/kg) following oral administration in rats. Results are expressed as the mean ± S.D (*n* = 5) ∗P \< 0.05, compared with the control. NE, nanoemulsion; ME, microemulsion.Table 5C~max~ (μg/ml)T~max~ (h)T~1/2~(h)AUC~0--6h~ (μg/ml∙h)Control23.0 ± 1.41.01.87 ± 0.413060.3 ± 169.9NE53.5 ± 1.91.02.02 ± 0.286670.1 ± 283.8∗ME A42.4 ± 1.31.01.89 ± 0.275084.0 ± 246.3∗ME B28.9 ± 1.01.01.87 ± 0.414044.1 ± 79.0∗

According to [Figure 4](#fig4){ref-type="fig"}, the ibuprofen concentration in plasma of the four dosage forms increased rapidly within one hour after oral administration before being eliminated. The maximum ibuprofen concentration in plasma (Tmax) of the dosage forms was recorded similarly at 1.0 h. The incorporation of ibuprofen in a nanoemulsion system significantly increased the absorption of ibuprofen through gastrointestinal tract (GIT) as evidenced by the higher area under the curve AUC as compared to the ibuprofen oil solution and microemulsion.

Based on [Table 5](#tbl5){ref-type="table"}, the Cmax value of ibuprofen NE was 53.5 ± 1.9 μg/ml and in comparison, ibuprofen ME A was 42.4 ± 1.3 μg/ml. The Cmax value of ibuprofen ME B was 28.9 ± 1.0 μg/ml. The Cmax value of ibuprofen oil solution was 23.0 ± 1.4 μg/ml. The AUC of oral absorption was calculated using trapezoidal method from zero to final sampling time. The AUC~0--6h~ values of ibuprofen NE and ibuprofen oil solution were 6670.1 ± 283.8 μg/ml∙h and 3060.3 ± 169.9 μg/ml∙h respectively. The AUC value of ibuprofen NE was statistically significant (p \< 0.05) compared to the ibuprofen oil solution. The AUC of ibuprofen increased 2.2-fold after the oral administration of ibuprofen nanoemulsion. On the other hand, the AUC values of ibuprofen ME A and ME B were 5084.0 ± 246.3 μg/ml∙h and 4044.1 ± 79.0 μg/ml∙h respectively. The difference in rate of absorption between ibuprofen ME A and oil formulation was 1.7-fold, while the rate of absorption of ME B compared with oil formulation increased by 1.3-fold. These results confirmed that the absorption of ibuprofen formulated as nanoemulsion enhanced the oral absorption in rats compared to ibuprofen MEs and ibuprofen oil solution. This might be due to the improved solubility of ibuprofen in nanoemulsion permitting more time for the drug to diffuse across the unstirred water layer in intestine and across the epithelial layer \[[@bib25]\], In addition, the nanoemulsion system confers greater surface area of interaction with the intestinal villi relative to microemulsion thus promoting intestinal absorption \[[@bib57]\]. Furthermore, the dilation of tight junction as explained earlier may also serve as an explanation for the enhanced permeation ibuprofen across the gut.

From [Table 5](#tbl5){ref-type="table"}, the elimination half-life values were calculated from ibuprofen plasma concentration in rats following formulation administration. The results were closely similar and were not statistically significant. On the basis of the results obtained from this analysis, it could be concluded that ibuprofen NE may have a higher rate of drug absorption compared with ME A and ME B while displaying similar elimination half-life. Previously, Kim *et al* also reported similar results in which doxorubicin (DOX) was formulated in a medium chain glycerides-based colloidal microemulsion to enhance the intestinal paracellular absorption of DOX. The group discovered that DOX microemulsions markedly enhanced the intestinal absorption as compared to DOX solution \[[@bib58]\]. A recent study by Hou *et al* \[[@bib59]\] reported that curcumin loaded self-nanomicellizing solid dispersion based on rebaudioside A (RA) displayed improved aqueous solubility and exhibited enhanced pharmacokinetic profiles when compared to free curcumin, highlighting the value of colloidal nanocarriers as a drug delivery vehicle to improve intestinal absorption.

Sucrose esters are of one the excipients which are typically used in formulation science in order to modify the bioavailability of drug molecules. Such enhancement in bioavailability as observed in [Figure 4](#fig4){ref-type="fig"} may be attributed to dissolution enhancement conferred by sucrose ester when the excipient is incorporated into the formulation. Sucrose ester have been reported to increase the solubility and release of various poorly-water soluble drug such as verapamil \[[@bib60]\], fenofibrate \[[@bib61]\] and chlorin e6 \[[@bib62]\]. In addition to improving drug dissolution, sucrose ester also actively interacts with biological barriers which culminate in enhanced penetration and absorption across the gastrointestinal tract. Alama *et al* explored the use of sucrose ester in enhancing the intestinal absorption of alendronate, a drug used in the management of osteoporosis \[[@bib52]\]. The group discovered upon conducting *in vivo* studies in rodents that co-delivery of alendronate in the presence of sucrose ester resulted in enhanced intestinal absorption in a dose-dependent manner. Upon conducting extensive mechanistic study, they discovered such enhancement in intestinal absorption was attributed to the increased in membrane fluidity as well as transient loosening of the tight junctions of the intestinal lining leading to improved absorption. However, in our current work we identified that incorporation of sucrose ester into an emulsion of decreasing droplet size further enhance intestinal absorption.

By comparing our results with the findings previously reported in the literature, it can be postulated that incorporating sucrose ester into a nanoemulsion systems improves the dissolution and absorption enhancing properties of the surfactant. Sucrose esters are non-ionic surfactants that are located at the oil-water interphase in a colloidal system. In the case of nanoemulsion, the dispersed oil phase possesses greater surface area due to the smaller droplet size relative microemulsion and standard emulsions \[[@bib55]\]. Since the sucrose ester is located at the surface of the droplet, the surfactant will have more interfacial area to interact with both the drug in the oil phase as well as the luminal membrane along the intestinal tract. The enhanced surface area of interaction between the surfactant and the drug will improve drug dissolution while the improved interaction between the surfactant with the luminal membrane will increased intestinal membrane fluidity and loosening of the tight junctions. Collectively, these processes will lead to enhanced drug absorption when delivered using a nanoemulsion system leading to enhanced bioavailability.

In general, it is evident that the enhancement in ibuprofen absorption when formulated as a nanoemulsion highlights the utility of the nanocarrier as a drug delivery platform for improved oral bioavailability. Such drug delivery platform may be of great utility in enhancing the absorption of poorly water-soluble drugs that frequently suffer poor oral bioavailability. To the best of our knowledge, this study is the first reported study on the oral delivery of ibuprofen through the enhancement of intestinal permeation via the paracellular pathway. The use of surfactants such as SE laurate (L-1695) alongside olive oil and glycerol in an optimised combination has resulted in the successful development of a stable nanoemulsion system capable of enhancing oral bioavailability via tight junction modulation culminating in enhanced ibuprofen permeation.

4. Conclusions {#sec4}
==============

Nanoemulsion has the potential of enhancing the oral bioavailability of ibuprofen. A pseudoternary phase diagram was successfully constructed to optimise the concentration of oil, surfactant and co-surfactant mixture in order to determine the nanoemulsion region suitable for drug delivery. We have identified that the combination of olive oil, SE L-1695 and glycerol produced a large nanoemulsion region which could be utilised for drug delivery. *In vitro* study utilising gut epithelium lining showed that the P~app~ for the optimised nanoemulsion loaded with 3% (w/w) ibuprofen displayed 10.6 times higher drug transport than the control formulations. Furthermore, the oral bioavailability for ibuprofen nanoemulsion was 2.2-folds higher relative to the control formulation when evaluated *in vivo*. Collectively, this work demonstrates that through judicious selection of excipients, a stable nanoemulsion for ibuprofen was developed that provide enhanced oral bioavailability.
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